Pseudomonas aeruginosa exhibits swarming motility on semisolid surfaces (0.5 to 0.7% agar). Swarming is a more than just a form of locomotion and represents a complex adaptation resulting in changes in virulence gene expression and antibiotic resistance. In this study, we used a comprehensive P. aeruginosa PA14 transposon mutant library to investigate how the complex swarming adaptation process is regulated. A total of 233 P. aeruginosa PA14 transposon mutants were verified to have alterations in swarming motility. The swarmingassociated genes functioned not only in flagellar or type IV pilus biosynthesis but also in processes as diverse as transport, secretion, and metabolism. Thirty-three swarming-deficient and two hyperswarming mutants had transposon insertions in transcriptional regulator genes, including genes encoding two-component sensors and response regulators; 27 of these insertions were newly identified. Of the 25 regulatory mutants whose swarming motility was highly impaired (79 to 97%), only 1 (a PA1458 mutant) had a major defect in swimming, suggesting that this regulator might influence flagellar synthesis or function. Twitching motility, which requires type IV pili, was strongly affected in only two regulatory mutants (pilH and PA2571 mutants) and was moderately affected in three other mutants (algR, ntrB, and nosR mutants). Microarray analyses were performed to compare the gene expression profile of a swarming-deficient PA3587 mutant to that of the wild-type PA14 strain under swarming conditions. PA3587 showed 63% homology to metR, which encodes a regulator of methionine biosynthesis in Escherichia coli. The observed dysregulation in the metR mutant of nine different genes required for swarming motility provided a possible explanation for the swarming-deficient phenotype of this mutant.
Pseudomonas aeruginosa, a ubiquitous gram-negative bacterium, is an important opportunistic human pathogen that causes eventually fatal chronic lung infections in cystic fibrosis (CF) patients (30) . P. aeruginosa is also a major contributor to hospital-acquired bacterial infections, causing serious disease in immunocompromised patients with cancer and AIDS, as well as in patients with severe burns (60) . Currently, the therapeutic options available to combat these robust infections are limited. In addition, there are now drug-resistant hospital strains of P. aeruginosa that cause untreatable infections (62) . Infections with P. aeruginosa are extremely difficult to eradicate due to this bacterium's intrinsic resistance to a broad spectrum of antimicrobial agents and its repertoire of virulence factors (27, 60) .
Motility is strongly associated with the pathogenesis of P. aeruginosa (4) . Motility enables this bacterium to colonize different environments, attach to surfaces, and form biofilms (44) . This bacterium is capable of twitching, swimming, swarming, and sliding motility. P. aeruginosa can exhibit twitching motility on solid surfaces or interfaces, which is mediated by type IV pili (52) . P. aeruginosa also has a single polar flagellum that enables the bacterium to swim in an aqueous environment and in the presence of low agar concentrations (0.3%, wt/vol). P. aeruginosa is able to swarm on semisolid agar (viscous; 0.5 to 0.7% agar, wt/vol) under nitrogen-limited conditions and when certain amino acids are supplied as the sole nitrogen source (52) . Most recently, this bacterium has also been observed to display sliding motility under the same conditions that allow swarming but in the absence of type IV pili and flagella (42) .
Swarming is a social phenomenon that involves rapid coordinated movement of bacteria across a semisolid surface (33) . Importantly, the conditions that promote swarming appear to mimic those in the mucous layers that overlay epithelial surfaces, such as those of the lung, a major site of infection by P. aeruginosa in patients with CF (30) .
Swarmer cells are hyperflagellated and elongated compared to the normal single-flagellum and short vegetative cells (22) . P. aeruginosa requires flagella and possibly type IV pili to swarm (33) . Biosurfactants produced by the bacteria, such as rhamnolipids and 3-(3-hydroxyalkonoyloxy)alkanoic acids (HAAs), are also involved in swarming motility, as they aid in overcoming the surface tension between bacterial cells and their environment (10, 59) . The dependence on these biosurfactants suggests that this bacterium's quorum-sensing systems, the las and rhl systems, play an important role in this type of surface propagation as these cell-to-cell signaling systems regulate the production of rhamnolipids and HAAs (60) . In addition to the physical changes such as cell elongation, swarmer cells overexpress hundreds of virulence-related genes, including those encoding the type III secretion systems (46) . Swarmer cells also exhibit elevated adaptive antibiotic resistance to ciprofloxacin, gentamicin, and polymyxin B (46) . Thus, rather than merely being a form of locomotion, swarming is part of an alternative growth state for P. aeruginosa and is a complex adaptation process that occurs in response to specific environmental stimuli, resulting in changes in virulence gene expression, antibiotic resistance, and likely metabolism (46) .
A recent screen of the 1,200 genes for which mutants are available in the P. aeruginosa PAO1 mini-Tn5-luxCDABE transposon mutant library (35) identified 36 mutants with altered swarming phenotypes (45) . Moreover, a comparison of the gene expression profiles of swarmer cells and bacteria growing in the same medium under planktonic conditions showed that there was a Ͼ2-fold change in 7.5% of all P. aeruginosa genes. The 417 genes that were differentially regulated in swarmer cells included no less than 18 predicted or known transcriptional regulator genes. Furthermore, differentially regulated genes were found to function in processes as diverse as transport, secretion, metabolism, and motility, suggesting that the regulation of swarming behavior is complex (45) .
To study the multifaceted regulation of swarming, we screened a P. aeruginosa strain PA14 transposon insertion mutant library (36) which covers about 75% of the predicted 5,962 PA14 genes to look for mutants with altered swarming phenotypes. As a result, 35 transcriptional regulators were found to be involved in swarming, including a variety of two-component sensors and response regulators. Interestingly, in contrast to the results of a small study described previously (45) , an inverse relationship between the ability of mutants to swarm and their ability to form biofilms was observed in this study. The defect in one swarming-deficient mutant, a metR mutant, was confirmed by complementation in trans with the cloned gene. Microarray analysis of the metR mutant (PA3587) was performed and showed that there was differential regulation of 268 genes (Ն2.0-fold change; P Յ 0.05). Downregulation of the putative methionine synthase gene metH (PA1843) and the putative ABC transporter gene PA4223 might explain the swarming defect of the metR mutant, since the swarming of mutants with transposon insertions in these genes was impaired.
MATERIALS AND METHODS
Bacterial strains, primers, and growth conditions. The bacteria used included P. aeruginosa PA14 (50), as well as the entire P. aeruginosa transposon mutant library (5,800 mutants) from Harvard University (36) . Escherichia coli XL1-Blue (8) and plasmid pUCP18 (65) were used for cloning. The sequences of DNA primers (Alpha DNA, Montreal, Canada) used in these studies are available from us upon request. When required for plasmid or transposon selection or maintenance, gentamicin and carbenicillin were added to final concentrations of 15 and 500 g/ml, respectively. Routine genetic manipulations were carried out using standard procedures (54) .
Preliminary (broad) screen of the PA14 library for mutants defective in swarming motility. To investigate genes involved in swarming motility in P. aeruginosa, the Harvard PA14 transposon insertion mutant library was screened for swarming defects as described elsewhere (45) . Briefly, mutants were grown overnight in Luria-Bertani (LB) broth, and 1 l of each culture was transferred using a custom 96-well pin device onto the surface of brain heart infusion agar plates containing 0.5% (wt/vol) Difco agar. Colonies were scored for differences in swarming motility compared to the wild type after 48 h of incubation at room temperature. Two independent experiments were performed with two replicates of each mutant.
Verification of the swarming-deficient mutants identified in the preliminary screen. The mutants displaying swarming deficiencies identified in the preliminary screen were independently verified by performing swarming experiments on BM2 swarming agar plates (62 . If necessary, cultures were diluted to obtain equal optical densities. Five-microliter portions of these cultures were added to 195 l of fresh swarming medium in 96-well microtiter plates. The growth of these cultures at 37°C under shaking conditions was monitored with a TECAN Spectrofluor Plus by determining the absorbance at 620 nm every 20 min for 24 h. Two independent experiments were performed with three replicates for each mutant.
Swimming and twitching motility. As P. aeruginosa PA14 exhibits very poor swimming motility on BM2 glucose swimming plates which are used for PAO1 (46) , LB medium plates with 0.3% (wt/vol) agar were used instead. One-microliter aliquots of mid-log-phase cultures grown in LB broth were inoculated onto the plates. The diameters of the swimming zones were measured after incubation for 20 h at 37°C. Twitching motility was determined by measuring the diameters of the twitching zones after 24 h and 48 h of incubation of PA14 mutants on LB medium plates with 1% (wt/vol) agar as described previously (18) . For both swimming and twitching assays, three independent experiments were performed with three replicates for each mutant.
Biofilm assays. Biofilm formation was analyzed using an abiotic solid surface assay as described elsewhere (23) . Dilutions (1/100) of overnight cultures were incubated in BM2 adjusted medium [62 mM potassium phosphate buffer (pH 7), 7 mM (NH 4 ) 2 SO 4, 2 mM MgSO 4 , 10 M FeSO 4 , 0.4% (wt/vol) glucose, 0.5% (wt/vol) Casamino Acids] in polystyrene microtiter plates (Falcon, United States) for 20 h at 37°C. Biofilms were stained with crystal violet, and the absorbance at 595 nm was measured using a microtiter plate reader (Bio-Tek Instruments Inc., United States).
Rhamnolipid production. Rhamnolipid biosynthesis was analyzed by the agar plate method as described previously (16, 17, 19) . Briefly, P. aeruginosa PA14 mutants were grown overnight in LB medium and spot inoculated onto agar plates containing iron-limited salt medium (0.7 g/liter KH 2 PO 4 , 0.9 g/liter NaHPO 4 , 2.0 g/liter NaNO 3 , 0.4 g/liter MgSO 4 · H 2 O, 0.001 g/liter CaCl 2 · 2H 2 O, 0.001 g/liter FeSO 4 · 7H 2 O) supplemented with 1% (wt/vol) glucose, 0.5% (wt/vol) Casamino Acids, 0.02% (wt/vol) cetyltrimethylammonium bromide, 0.0005% (wt/vol) methylene blue, and 1.6% (wt/vol) agar. The plates were incubated for 37°C for 24 h and then at room temperature for an additional 24 h. Rhamnolipid production was determined by measuring the diameter of the dark blue halo that formed around a colony. Three independent experiments were performed for each mutant.
Phage PO4 sensitivity test. Phage sensitivity assays were performed as previously described (7) . Briefly, bacterial lawns were produced by adding 100 l of an overnight P. aeruginosa LB broth culture to 3 ml of LB soft agar. The inoculated top agar was overlaid on an LB agar plate and allowed to solidify. Five microliters of a lysate of phage PO4 was spotted in duplicate onto lawns of P. aeruginosa wild-type and mutant strains. Zones of lysis (or clearing) on the plates were detected after incubation of the plates overnight at 37°C. Three independent experiments were performed for each mutant.
Mutant complementation. The metR mutant P. aeruginosa PA14 ID46982 was complemented by amplifying the metR gene, including a 400-bp upstream region, from PA14 genomic DNA by PCR and cloning the gene into the pUCP18 vector (65) using BamHI and EcoRI restriction sites. The metR gene was cloned in the opposite direction to the lacZ promoter, ensuring gene expression from the native metR promoter rather than from the lacZ promoter. The hybrid plasmid pUCP-metR was transferred to the metR mutant by electroporation (13) , yielding a metR ϩ strain.
DNA microarray experiment.
Two different independent microarray studies were performed, employing four or five independent assessments of transcrip- VOL. 191, 2009 REGULATION OF SWARMING IN P. AERUGINOSA 5593 tional profiles. One microarray study involved harvesting RNA from the leading edges of dendritic swarm colonies of the metR mutant (PA14 ID46982) and wild-type strain PA14. As described previously (46) , cells were resuspended in BM2 swarming medium supplemented with the RNAprotect reagent (Qiagen, Germany). Harvesting of cells, RNA isolation, cDNA synthesis, hybridization to P. aeruginosa PAO1 DNA microarray slides (aminosilane coated) from The Institute for Genomic Research Pathogenic Functional Genomics Resource Center, analysis of microarray slides using ArrayPipe (version 1.7), and quantitative reverse transcription-PCR (RT-qPCR) were performed as described previously (40) . A second microarray experiment was performed to compare the gene expression profiles of the PA14 metR mutant and wild-type strain PA14 in liquid BM2 swarming medium. Briefly, five independent cultures of the metR mutant and wild-type strain PA14 were grown overnight in liquid BM2 swarming medium, diluted 1:100, and grown to mid-log phase (optical density at 600 nm, 0.4 to 0.5) before RNA isolation. Microarray studies were performed as described above, except that due to a manufacturing change by The Institute for Genomic Research epoxy-coated slides were used. Microarray accession numbers. ArrayExpress accession numbers are E-FPMI-19 and E-FPMI-20.
RESULTS
Identification of swarming-deficient mutants. During a preliminary screen of the PA14 transposon insertion mutant library, 375 of approximately 5,600 mutants were identified as swarming deficient (data not shown). The phenotypes of these mutants were examined in more detail by performing three to five individual swarming experiments with each of the mutants on BM2 swarming agar plates (Fig. 1) . As a result, 233 transposon insertion mutants from the PA14 mutant library were confirmed to have alterations in swarming motility (see Table  S1 in the supplemental material). As expected from previous observations (33, 45), we found swarming-deficient mutants with transposon insertions in flagellum and type IV pilus biosynthesis and quorum-sensing genes (e.g., rhlR, rhlI, pqsD, and pqsH). Mutants with transposon insertions in genes belonging to a wide variety of functional classes other than the motility and quorum-sensing classes were also identified, and large numbers of these genes had functions in metabolism, transport of small molecules, adaptation, and protection. Moreover, 35 transcriptional regulators, including two-component sensors and response regulators, were identified as regulators involved in swarming motility (Table 1) . To further probe the basis for the complex adaptive behavior in response to a viscous environment, we focused on regulation of swarming motility.
Closer study of the mutants with transposon insertions in transcriptional regulator genes confirmed that 33 mutants exhibited reduced swarming and 2 mutants (gacA and cspD mutants) exhibited hyperswarming ( Table 1) . To our knowledge, only the swarming phenotypes of mutants with mutations in gacS (PA0928) (6), rhlR (PA3477) (33) , rsmA (PA0905) (29) , phoQ (PA1180) (6), rsaL (PA1431) (61) , algR (PA5261) (45) , mvaT (PA4315) (20) , and gacA (PA2586) (31) have been described previously. Therefore, 27 swarming-deficient transcriptional regulators, 10 of which were two-component sensors or response regulators, were newly identified in this study (Table  1 ). In summary, we confirmed that 27 mutants (22 new mutants) showed either no swarming or minimal swarming, 6 mutants (4 new mutants) showed reduced (34 to 62% reduced) swarming, and 2 mutants (1 new mutant) had a hyperswarming phenotype.
To test whether swarming deficiency may have resulted from a growth defect, all mutants were tested to determine their growth behavior in liquid swarming medium. Most of the mutants grew like P. aeruginosa wild-type strain PA14 (data not shown). Mutants with transposon insertions in the cbrA (PA4725), gacS (PA0928), fis (PA4853), and PA4778 genes showed significant reductions in the growth rate in this medium (data not shown); however, it seems unlikely that these defects, which reduced the growth rate up to twofold, could entirely explain the 93 to 97% decrease in swarming motility observed for these mutants.
The possibility that polar effects on downstream genes, rather than the genes in which the insertions occurred, might be responsible for the observed swarming phenotype of the transposon mutants was examined (see Table S1 in the supplemental material). In particular, the swarming abilities were examined for available mutants with transposon insertions in genes that were part of a predicted or known operon and downstream of the mutations of the 35 regulatory mutants, based on the operon prediction tool at www.pseudomonas.com (67) ; as the prediction tool is currently available only for the PAO1 genome, PA14 genes that were not orthologs of genes in the PAO1 genome could not be predicted. As a result, the swarming phenotypes of 5 of the 35 regulatory mutants (pilH, gacA, gacS, ntrB, and PA4398 mutants) might have been affected by the altered expression of downstream genes, but the remainder of the regulatory mutants were either mutants with orphan genes or mutants for which transposon insertions in downstream genes did not result in swarming defects ( Table 1) .
Characterization of swarming-deficient regulators. Swarming-deficient mutants with transposon insertions in transcriptional regulator genes were characterized further to investigate how these genes influence swarming behavior. One way in which swarming may be regulated is by modulating flagellum biosynthesis or function, as flagella have been shown to be essential for swarming motility in P. aeruginosa. As swimming motility depends entirely on a functional flagellum, we tested swarming-defective mutants to determine their abilities to swim in 0.3% agar.
Only one mutant with a mutation in the putative two-component sensor gene PA1458 had a major defect in swimming motility. Another 10 mutants (including the PA0037/trpI, PA0475, PA0831/oruR, PA1196, PA2072, PA3895, PA4778, and PA5105/hutC mutants) had significant (P Յ 0.05, Student's t test) but modest (40 to 50%) swimming defects ( Table 1) that are unlikely per se to explain the much more extreme swarming defect. Also, it was observed that most mutants that were completely unable to swarm also showed at least mild swimming defects (range, 10 to 50% inhibition). Thus, it seems that the swarming defects were generally much more extreme than the swimming defects and that the loss of flagellar function could not fully explain the substantial swarming alterations observed (Ͼ92% for 19 of the regulatory mutants). Mutants that showed more moderate deficiencies in swarming (40 to 60%) exhibited minor (anr and PA4398 mutants) or no (rsaL, mvaT, PA1976, algR, PA5536, and PA2332 mutants) swimming defects. Particularly in the case of the cbrA, ntrB, ntrC, rhlR, and PA1347 mutants, absolutely no association was observed between swarming and swimming, since the swarming of these mutants was strongly impaired but their swimming motility was (almost) normal.
In addition to flagella, type IV pili are known to be important for swarming motility, although the dependence on type IV pili has been reported to be different in different strains. For PAO1, knockout mutants with mutations in pilus synthesis genes were found to be swarming deficient (33, 45) . In contrast, in one study, specific type IV pilus synthesis genes were shown to be dispensable for this type of migration in P. aeruginosa PA14 (58) . In our screen of the PA14 mutant library for swarming-deficient mutants, we identified 10 genes that were known to be involved in type IV pilus biogenesis and twitching motility (a type of motility mediated by type IV pili). This indicates that type IV pili are involved in the swarming motility of P. aeruginosa strain PA14 under our experimental conditions. The twitching mo- (Table 1) . To further investigate whether the deficiencies in twitching observed in the pilH, PA2571, algR, ntrB, and nosR mutants were related to the inability of these mutants to generate functional type IV pili, the sensitivity to pilus-dependent bacteriophage PO4 was assessed for all 35 regulatory mutants (5). As expected, the pilH, PA2571, algR, ntrB, and nosR mutants showed resistance to phage PO4 infection, while the rest of the regulatory mutants showed zones of lysis where phage PO4 was spotted.
Another factor known to be involved in the swarming of P. aeruginosa is rhamnolipid production. Rhamnolipids are synthesized and excreted into the external medium by P. aeruginosa to aid in overcoming the surface tension between bacterial cells and their environment and thus facilitate movement of the bacteria across semiviscous surfaces. Previous studies showed that mutants with defects in genes involved in the rhamnolipid biosynthesis pathway displayed major defects in swarming motility (e.g., rhlA) or showed an altered swarming pattern (e.g., rhlB) (12) . To test whether the swarming-deficient phenotype of the regulatory mutants was related to a lack of rhamnolipid biosynthesis, agar plate assays were performed. On the agar plates inoculated with the rhlR, rsaL, and anr regulatory mutants, a lack of visible haloes around the colonies was observed, indicating that the mutants were not able to excrete rhamnolipid. The PA1347 and PA4398 mutants consistently had larger and smaller halos, respectively, around their colonies, while for the remaining 30 regulatory mutants the formation of a blue halo around a colony was the same as that for the wild-type strain (data not shown).
A characteristic of P. aeruginosa that has been associated with swarming motility is its ability to form biofilms. Intercellular signaling through quorum-sensing systems is thought to play a role in both types of surface-associated behavior, although the contribution of quorum sensing to biofilms seems to depend on environmental conditions (for a review, see reference 32). Simple biofilm formation was measured in 96-well microtiter plates after 20 h of incubation as described above. All of the mutants except the PA1458, PA1976, PA5536, PA2332, fis, ntrB, ntrC, pilH, cspD, and anr mutants showed significant (P Յ 0.05, Student's t test) changes in biofilm formation (Fig. 2) . Mutants displaying severe swarming defects generally showed biofilm overproduction. In contrast, mutants with more moderate deficiencies in swarming or hyperswarmers showed normal or decreased biofilm formation, and only the phoQ, rsaL, gacA, and nosR mutants had major deficiencies in biofilm formation. Thus, while swarming motility and biofilm formation seem to be related, the data seem to imply that there is an inverse relationship between these processes. Regulation of swarming by the transcriptional regulator MetR. Of the 35 transcriptional regulator mutants whose swarming behavior was altered, one interesting mutant, the PA3587 mutant, whose transcriptional regulator shows 63% homology to the transcriptional regulator MetR from E. coli (39) , was studied in more detail. There have been no reports on metR in P. aeruginosa, but various functions of MetR in E. coli have been described, including the regulation of methionine biosynthesis through transcriptional activation of the metH and metE genes and probably the metA gene (9). In our assays, the P. aeruginosa metR mutant exhibited a severe defect in swarming (82% decrease compared to the wild type) but displayed only slight deficiencies in swimming and twitching (only 13 and 25% decreases compared to the wild type, respectively) and normal growth in swarming medium. The strong selective swarming motility defect and the fact that a corresponding MetR regulator in E. coli regulates processes other FIG. 2 . Biofilm formation by mutants with altered swarming motility. Mutants were sorted on the basis of increasing swarming motility. Bacteria were incubated in adjusted BM2 medium in polystyrene microtiter plates for 20 h at 37°C, and biofilms were stained with crystal violet. The data are representative of three independent experiments with eight replicates for each mutant and are expressed as the fold change in the optical density at 595 nm (OD 595nm) of the mutant compared to the wild-type. Asterisks indicate mutants that showed a statistically significant change in biofilm production (P Յ 0.05, Student's t test). WT, wild type.
than flagellum or type IV pilus biosynthesis or function encouraged us to analyze this regulator in more detail.
The metR gene was cloned onto pUCP18 to obtain pUCPmetR. As shown in Fig. 3 , complementation of the metR mutant with pUCP-metR completely restored the swarming phenotype to the levels observed for the wild-type strain. To determine the conditions under which this gene is expressed in wild-type PA14 cells, RNA was extracted from wild-type cultures growing in LB or swarming medium at the mid-log, early stationary, and late stationary phases of growth. Semiquantitative PCR showed that the expression of the metR gene was similar under all conditions (data not shown). To analyze the regulon of metR, two sets of DNA microarray experiments were performed to compare the transcriptome of the metR mutant to that of wild-type P. aeruginosa PA14 cells that were either grown for 20 h at 37°C on swarming medium plates or, to test for medium effects, grown to mid-log phase in liquid swarming medium. All of the genes with a change in expression of Ն2-fold compared to the wild type with a P value of Յ0.05 are shown in Table S2 in the supplemental material. Comparison of the gene expression profiles of the metR mutant and the wild type showed that far more genes (268 genes) were dysregulated under semiviscous swarming conditions than under liquid swarming conditions, under which only 49 dysregulated genes were observed, indicating that MetR is selectively employed as a regulator under semiviscous swarming conditions. Indeed, only eight genes were dysregulated under swarming conditions and in liquid swarming medium, and all except two of these genes were more highly dysregulated under swarming conditions; it is noteworthy that the number of overlapping genes increased when a lower cutoff (1.5-fold) was used for the liquid medium arrays. It is also noteworthy that the results for at least one gene in each functional category listed in Table 2 were confirmed by RT-qPCR (data not shown).
Under both conditions, it was found that disruption of the metR gene resulted in downregulation of the metH (methionine synthase) gene. The metH gene was downregulated 1.5-and 2.9-fold under liquid swarming and semiviscous swarming conditions, respectively, and these values were confirmed by RT-qPCR. Furthermore, the metH mutant was completely defective in both swarming and swimming motility when it was tested using the appropriate motility assay. Significant twofold downregulation was also observed in the metR mutant for the metF (5,10-methylenetetrahydrofolate reductase) gene, but only under semiviscous swarming conditions; this change was confirmed by RT-qPCR. The swarming motility of the metF mutant was not assayed as this mutant did not grow in BM2 minimal medium. Interestingly, the gene adjacent to metR, PA3586, which encodes a putative hydrolase and is transcribed divergently from metR, was highly upregulated (17.3-fold) under semiviscous swarming conditions and was upregulated less under liquid swarming medium conditions (2-fold). PA3586 was, however, not required for swarming.
A large number of virulence-related genes were downregulated in the metR mutant under semiviscous swarming conditions. These virulence-related genes include 11 genes involved in type III secretion, as well as the effector gene exoT and 11 and 13 genes involved in the pyochelin and pyoverdine siderophore biosynthesis pathways, respectively. In contrast, only three prospective pyochelin-related virulence genes were downregulated at least twofold in the metR mutant in liquid swarming medium. With the exception of the PA4223 mutant, which displayed a 64% decrease in swarming motility, no swarming defects compared to the wild type were observed for the other mutants with transposon insertions in the virulencerelated genes (data not shown).
Strong upregulation in the metR mutant (Table 2 ) was observed for several genes in the filamentous bacteriophage Pf1 cluster, and this upregulation was greater under semiviscous swarming conditions than in liquid medium. Bacteriophage Pf1 has been suggested to be important in CF infections, and studies have shown that Pf1 genes are upregulated during biofilm development (49, 64) . An increase in expression as great as 325-fold compared to wild type was noted for the helix-destabilizing protein (PA0720) of the phage. Confirmation of the expression levels of the PA0720 gene by RT-qPCR showed even stronger upregulation, 1,721-fold. However, these genes do not appear to be required for swarming motility as transposon insertions in them did not affect the swarming motility of the mutants compared to the wild type.
Only two transcriptional regulator genes and two sensor kinase genes were observed to be differentially expressed (least twofold) in the metR mutant in liquid swarming medium (data not shown). In contrast, 20 transcriptional regulators and two-component system sensor kinases or response regulators were dysregulated in the metR mutant under semiviscous conditions ( Table 2 ). None of the regulators identified using liquid swarming medium were among the dysregulated regulators identified using semiviscous swarming medium. This result suggests that the viscosity of the bacterium's environment may cause the metR transcriptional regulator to exert different downstream effects by inducing or repressing different regulators. Interestingly, one of the dysregulated regulators was NtrC, which was required for swarming motility, but metR negatively regulated NtrC.
Comparison of the genes that were positively regulated by MetR (i.e., that exhibited reduced expression in the metR mutant) with the genes required for swarming motility revealed PA1843 (metH), PA2399 (pvdD), PA2413 (pvdH), PA2891, PA4144, and PA4223. Conversely, PA0633, PA0848, and PA5125 (ntrC) were negatively regulated by metR and also were required for swarming motility. These genes are proposed to be the genes that mediate the effects of MetR on swarming motility. 
DISCUSSION
In this study, 233 mutants from the P. aeruginosa strain PA14 transposon insertion mutant library were verified to have alterations in swarming motility. The large number of genes (4% of the PA14 genome) found to be involved in this form of motility and the variety of functions performed by these genes support the previous finding that swarming is a complex adaptive behavior.
A classification of all 233 swarming-associated genes according to their predicted functions (www. pseudomonas.com) is shown in Fig. S1A in the supplemental material. When these genes were compared with the functional composition of the entire PA14 genome (see Fig. S1B in the supplemental material), they were found to be in almost all of the functional categories for PA14 except the "noncoding RNA gene" and "related to phage, transposon, or plasmid" categories. Interestingly, a significant proportion of the swarming-associated genes (12%) were regulator genes (i.e., transcriptional regulator or two-component system genes). As well, a comparison of the functional composition of the swarming-associated genes with that of the PA14 genome revealed that 6% of all known or putative regulator genes in the PA14 genome are involved in swarming (see Fig. S1C in the supplemental material) . The relatively large number of regulators involved in this form of motility supports the hypothesis that swarming may be highly regulated. As well, our study revealed that the regulatory system for swarming overlaps with other complex adaptations, such as biofilm and quorum sensing. A greater effort to study the functions of genes in the PA14 genome is important as nearly 30% of the swarming-associated genes identified are currently labeled hypothetical genes.
In this study, we confirmed that 35 P. aeruginosa PA14 mutants showed altered swarming motility and had transposon insertions in genes encoding transcriptional regulators. Twentyseven of these mutants were newly identified in this study. There are hints that some of these regulators might be involved in part in controlling flagellum biosynthesis or function, but only a single mutant showed a strong swimming motility defect. Thus, the great disparity in the extents of the defects of all mutants except the PA1458 mutant leads to the conclusion that other factors must be important in determining swarming deficiency in most mutants. Similarly, only five mutants (pilH, PA2571, algR, nosR, and ntrB mutants) had substantial or moderate deficiencies in twitching motility and displayed resistance to phage PO4, indicating that most regulators are not obligately involved in type IV pilus functioning.
With the exception of the rhlR, rsaL, anr, PA4398, and PA1347 mutants, all the regulatory mutants showed the same formation of a dark blue halo around a colony as the wild-type strain, indicating that there was efficient production of the biosurfactant. RhlR is a well-studied transcriptional regulator that plays a central role in the quorum-sensing response. Upon interaction with its quorum-sensing molecule, N-butyryl-Lhomoserine lactone, RhlR influences the expression of a variety of quorum-sensing-regulated genes, including the rhamnolipid biosynthesis genes (11) . Evidently, a mutation in the rhlI gene, which is involved in the biosynthesis of N-butyryl-L-homoserine lactone, leads to the inability of the rhlI mutant to swarm (see Table S1 in the supplemental material). The rsaL gene is located between the lasR and lasI genes, and its expression is directly activated by LasRI. In turn, the RsaL protein can specifically represses the transcription of lasI, which is involved in the synthesis of the quorum-sensing signal molecule N-3-oxo-dodecanoyl-L-homoserine lactone (51) . We are unable to decipher why this regulator decreases rhamnolipid synthesis, as observed in this study. A study by Caiazza et al. suggested that HAAs (rhamnolipid precursors) are the minimal surfactants required for swarming in P. aeruginosa, and although rhamnolipids are not required for swarming motility, they modulate the swarming pattern (11) . Therefore, it is also important to study the mechanism by which rsaL, anr, PA1347, and PA4398 influence the generation of HAAs.
While it was reported that mutations in O-antigen or lipopolysaccharide (LPS) synthesis eliminate the swarming motility of Salmonella enterica serovar Typhimurium (12), in our study, transposon insertions in O-antigen and LPS synthesis genes in P. aeruginosa did not seem to affect the ability of strains to swarm (see Table S1 in the supplemental material). It is possible that the production of secreted biosurfactants, rhamnolipids and HAAs, make P. aeruginosa less dependent on LPS and O antigen to improve the surface "wettability" that is required for swarming colony expansion. In contrast, LPS and O antigen play an important role in the swarming motility of Salmonella strains, as these bacteria do not excrete biosurfactants and most likely utilize their outer surface as a biosurfactant (12) .
For some of the swarming-deficient mutants, previous studies provided greater insight into how the corresponding regulators might affect swarming. The gbuR mutant was unable to swarm in our assay. Expression of the gbuR gene is normally induced by the alternative sigma factor RpoS (56) . Interestingly, RpoS is involved in the control of expression of a large number of quorum-sensing-regulated genes. More specifically, many of the genes that are controlled by RpoS are also under the control of rhlR and lasR, which encode two quorum-sensing regulators that are important for swarming (56) .
A strong swarming deficiency was also observed for the PA1458 mutant. The PA1458 gene is predicted to be involved in chemotaxis. PA1458 in P. aeruginosa is homologous to cheA in Pseudomonas putida and E. coli. Upon chemoattractant recognition at the cell surface by a methyl-accepting chemotaxis protein, CheA is autophosphorylated. CheY is then phosphorylated by CheA and interacts with switch proteins in the flagellar motor. Disruption of the cheA gene in P. putida resulted in a nonswarming, nonchemotactic mutant that was unable to change the direction of flagellar rotation but was still able to swim (21) . We found an even stronger effect on flagellar function in the P. aeruginosa PA1458 mutant, as this mutant displayed no swimming and almost no swarming motility. Another indication that PA1458 is involved in flagellar functioning is the observation that PA1458 expression depends on FleQ, the key regulator of flagellar biosynthesis (14) .
An interesting trend was found for the relationship between swarming and biofilm formation. Both of these surface-associated behaviors depend on quorum sensing, flagella, and type IV pili (32, 43) . For some P. aeruginosa mutants, defects in swarming coincide with deficiencies in biofilm formation (1, 61) . The results obtained here, however, support the idea that there is an inverse relationship between the regulation of swarming and biofilm formation, which has also been proposed in other studies (10, 41) . Most of the nonswarming mutants with transposon insertions in transcriptional regulator genes showed strong increases in biofilm formation. In contrast, the hyperswarming gacA mutant is deficient in biofilm formation (47) . Importantly, swarming has been proposed to influence the early stages of biofilm formation, with actively swarming cells forming flat biofilms and swarming-deficient cells forming structured biofilms (57) . As we observed an increase in the total biofilm mass in our solid-surface biofilm assays for most VOL. 191 (15, 34) . To gain insight into how genes putatively involved in metabolism influence the complex swarming behavior, we took a closer look at the metR mutant by analyzing its gene expression profile. The function of metR in P. aeruginosa has not been described, but as mentioned above, the metR regulator gene of E. coli, which is 62% similar, has been studied in some detail. In E. coli the MetR protein activates expression of the metH and metE genes and probably metA, all of which are involved in methionine synthesis. Also, metR has been shown to downregulate its own transcription and to be repressed by MetJ (9, 24) . The methionine synthase genes metH (PA1843) and metE (PA1927) are present in P. aeruginosa and are 79% and 74% similar to their E. coli counterparts, respectively. In addition to methionine synthesis, metR regulates the activation of transcription of glyA, which encodes a serine hydroxymethyltransferase that catalyzes the interconversion of serine, glycine, and one-carbon units. This reaction is the major source of onecarbon units in the cell and is used in a variety of metabolic processes, including methionine biosynthesis (37, 48) . In addition, a role for metR in biofilm formation in E. coli has been suggested (28) .
In E. coli, the last step of methionine synthesis can be catalyzed by either MetH or MetE synthase (25) . In P. aeruginosa, there is no experimental evidence that MetH and MetE act as methionine synthases, but these proteins have been predicted to have the same function as their counterparts in E. coli, based on similarities in their protein domains. We hypothesized that the swarming-deficient phenotype of the metR mutant of P. aeruginosa might have been caused by reduced intracellular methionine levels, due to impairment of methionine biosynthesis. This idea was supported by the finding that metH was downregulated in the metR mutant and by the finding that a metH mutant was completely unable to swarm. However, metE and metX were not found to be differentially regulated in the microarray experiment, and mutants with mutations in these genes swarmed at levels comparable to the wild-type level. MetX has been predicted to catalyze an essential step earlier in the pathway of biosynthesis of this amino acid (2) . The normal swarming behavior of metE and metX mutants indicates that defects in methionine biosynthesis do not per se impair swarming. Rather, the effect on swarming is specific to metH and metR and is likely to be caused by functions of these genes other than methionine biosynthesis. Moreover, in exploratory studies, addition of high levels (200 g/ml) of methionine or homocysteine to swarm plates did not restore swarming in either the metR or metH mutant. As well, the metR mutant is not auxotrophic for methionine since it grows as well as the wild type in BM2 minimal medium, which lacks methionine. When the data are taken together, while the downregulation of metH expression in the metR mutant can partially explain the swarming-defective phenotype of this mutant, it seems unlikely that low methionine levels caused the impaired swarming motility in our assays, and this indicates that metH probably functions in processes other than methionine synthesis in P. aeruginosa.
Besides metH, 13 genes located in a cluster involved in pyochelin biosynthesis (PA4218 to PA4231) were found to be downregulated in the swarming-deficient metR mutant under semiviscous swarming conditions. Interestingly, Overhage et al. found increased expression of most genes in this cluster in a microarray comparing the gene expression of swarming cells to the gene expression of cells growing under planktonic conditions (46) . The swarming motility of a PA4223 mutant was found to be impaired, whereas other mutants with mutations in this cluster of genes (fptA, PA4222 [this study], pchF, and pchE [46] ) had no swarming defects. This indicates that although nine genes in this cluster are downregulated in the metR mutant, only PA4223 is likely to contribute to the swarmingdeficient phenotype of this mutant. Although PA4223 is located in a gene cluster related to pyochelin synthesis, studies show that it does not have a function in this process. The PA4223 protein resembles an ABC transporter with an export function. This transporter does not export pyochelin as pyochelin levels were not affected by mutations in PA4223 (53) . The molecule(s) that is exported via this transporter is currently unknown. An interesting role for PA4223 was suggested recently, as transposon insertions in this gene were found to cause a strong decrease in bacterial virulence against the amoeba Dictyostelium. This phenotype was explained by the observation that PA4223 is involved in induction of the type III secretion system (3). Overall, the downregulation of virulencerelated genes in the metR mutant under semiviscous swarming conditions suggests that the MetR transcriptional regulator may play an important role in regulating these virulence-associated genes. It will be of great interest to investigate MetR in greater detail to learn how this regulator contributes to the pathogenesis of the bacterium, including its role in the process of iron acquisition in the host and possibly colonization and dissemination.
Another interesting observation resulting from the microarray analysis of the metR mutant was the very strong upregulation of nine genes from the bacteriophage Pf1 gene cluster (PA0717 to PA0728). Remarkably, a very similar pattern of expression of phage genes was found in P. aeruginosa biofilms, leading to 100-to 1,000-fold increases in Pf1 phages in the environment of the biofilm compared to planktonic cell cultures (66) . Phage induction in biofilms was associated with bacterial cell lysis and dispersion of cells. It was hypothesized that cell lysis may contribute to creating voids within biofilm microcolonies, thereby facilitating dispersal of a subpopulation of surviving cells (63) . In contrast, "sticky" P. aeruginosa colony variants, characterized by autoaggregation in liquid culture and hyperadherence to solid surfaces, displayed the opposite pattern of gene expression, with a strong decrease in phage gene transcription. The similarity between the patterns of phage gene expression in biofilms and in the metR mutant is striking, but the relationship between these two phenotypes is unclear. Besides upregulation of the bacteriophage gene cluster, there was very little overlap between the gene expression patterns of biofilm cells (66) and those of the metR mutant (Table 2) grown under planktonic conditions. Also, no common transcriptional regulators were found in the two microarrays. As metR was not downregulated in biofilm cells, no direct effect of metR on phage gene expression is expected in this situation.
By performing preliminary screening of the P. aeruginosa PA14 transposon insertion mutant library, we found that approximately 4% of the genes for which mutants are present in this library are involved in swarming behavior. The complexity of this form of motility is reflected by the high number of regulators that were found to be involved in swarming behavior. Seventeen regulators and 10 two-component sensors and response regulators were newly identified in this study. To further understand how swarming behavior is regulated, it is important to study the hierarchy of the transcriptional regulators involved.
